The full sibship reconstruction (FSR) problem is the problem of inferring all groups of full siblings from a given population sample using genetic marker data without parental information. The FSR problem remains a significant challenge for computational biology, since an exact solution for the problem has not been found. The new algorithm, named SIMPSON-assisted Descending Ratio (SDR), is devised combining a new Simpson index based O(n 2 ) algorithm (MS2) and the existing Descending Ratio (DR) algorithm. The SDR algorithm outperforms the SIMPSON, MS2, and DR algorithms in accuracy and robustness when tested on a variety of sample family structures. The accuracy error is measured as the percentage of incorrectly assigned individuals. The robustness of the FSR algorithms is assessed by simulating a 2% mutation rate per locus (a 1% rate per allele).
Introduction
Let population sample be a collection ( , ), ( , ),..., ( , )
where each locus is described by an unordered pair of alleles ( , l ) il il
x x′ and L is the total number of loci which are assumed to be unlinked. Each locus is a set of 
as the scoring function, where is partitioned into sib groups with group containing individuals. The SIMPSON algorithm is a brute force heuristic which searches for the best partition even one allele is mutated, while the likelihood-based sibship tests are expected to be more robust. 7 The interest in the errors is not purely academic. The discovery of microsatellite markers revolutionized 10 conservation biology and molecular ecology as well as medical, forensic and population genetics, to name a few. However, markers may suffer from a wide range of error types with drastic consequences: a relatively "small 1% error rate in allele calling would lead to almost a quarter of 12-locus genotypes containing at least one error". 11 In the important case of noninvasive genotyping the situation is even more error-prone due to the small amount of target DNA further affecting the reliability of polymerase chain reaction (PCR) to correctly amplify all alleles. 12 In addition, microsatellite markers could be highly susceptible to mutation. 13 In T is the total number of full-sib pairs in A ; 6 the number of full-sib families being completely recovered relative to the actual numbers in a sample. 7 For this study, the accuracy-error is adopted as the accuracy measure. The error equals the percentage of incorrectly assigned individuals 14 ( , )/ A B n ξ ξ = and is equivalent to the partition-distance which has known theoretical properties 15 and could be efficiently calculated via the maximum 15 17 for a given population sample with an unknown structure. While, at present, the assessment of the confidence levels for the FSR remains unexplored, the accuracy-error could provide consistent initial comparisons between the FSR algorithms.
Simulations
There are a number of sample family structures that are used for testing of the FSR algorithms. For example, while testing their GRAPH algorithm, Beyer and 
n S r q k 3 and FJL. 3 Any allelic mutation in an individual genotype (Eq. 1) may lead to misclassification of that individual and is referred to as the genotype error. The error could be due to a variety of factors, e.g. mutation, plain human error, 18 PCR missprinting 11, 7 and allelic dropout (null allele). 12 Most of the existing sources of error manifest themselves on the per allele basis, making it natural to specify the errors as the error rate per allele or locus. 7, 11 In this study the following error model is used capturing the majority of the biologically occurring errors in one parameter, the locus error rate ε . The error is applied by collecting all available loci from all the individuals from a given sample, obtaining loci. Next, nL nL ε different loci are randomly selected and one allele at each of the loci is mutated into a randomly chosen different (change into itself is prohibited) allele from the same locus. Since a common misprinting error is relatively small (between 0.3% and 11% per allele) 12 the mutation of both alleles at the same locus is omitted from consideration. 
Algorithms

The Modified SIMPSON (MS2) Algorithm
, respectively. 8 The Modified SIMPSON (MS) algorithm significantly improved the SIMPSON 3 heuristic in speed while maintaining low accuracy-error using the genotype distances and achieving running time. . By the definition of the MS2 algorithm, the lower bound of its accuracy-error is the accuracy-error of the original MS algorithm when the MS's window parameter is . Figure 1(b) indicates that any potential loss of accuracy could be insignificant. The efficiency improvement is due to the Simpson index (Eq. 2) which is maximized on the local scale by increasing the largest group. To illustrate that, let two available groups have sizes and
Assuming that the next individual could be added to both groups, the Simpson index is maximized by placing the individual into the -group since . However the greedy method is still only a heuristic even on the local scale since two or more largest groups may have the same size. On the global scale this greedy approach has no guarantee in achieving the maximum value of the index, e.g. the partition with the group sizes (8,3,2) has a smaller index than the partition with (7,6) sizes.
The sibship test is performed on the newly created group containing the next individual and the existing group. Figure 1(b) verifies that the MS2 algorithm is as accurate as the MS algorithm However the MS2 algorithm is superior in run-time efficiency, e.g. Figure 1(a) shows that MS2 takes the same amount of computer time to reconstruct 500 individuals as for MS to reconstruct 150 individuals. The absolute terms, MS2 requires only a fraction of a second to perform the full sibship reconstruction of 500 individuals on a 3GHz Pentium 4 PC. per allele confirming the serious concern raised by Hoffman and Amos 11 who criticized e null and primary are from the terminology of the KINSHIP [9] and KINGROUP [4] programs the current common practice of reporting genotype inferred results without the error analysis. However in the absence of errors the MS2 and SIMPSON algorithms are more accurate than DR (Figure 2) . The MS2 accuracy in the absence of genotype errors and the DR robustness to the errors prompts the following SIMPSON-assisted Descending Ratio (SDR) algorithm: step (1) -perform the reconstruction using MS2 algorithm; step (2) -retain one largest group with size 3 or larger; step (3) -assign the remaining unassigned individuals as per the DR 4 algorithm. Only one largest group is retained in step (2) since the MS2 (and hence MS and SIMPSON) algorithm tends to break up a true sib group into a number of smaller sib groups in the presence of mutated alleles. Figure 3 . The same as in Figure 2 but with a 2% locus (1% allele) error rate applied to the generated population samples.
The SIMPSON-assisted Descending Ratio (SDR) Algorithm
Results and Discussion
For this study the genotypes (Eq. 1) are considered with the same number of equifrequent alleles 
( ) O n
Since SDR retains the largest sib group reconstructed by MS2, it may be expected that the effect of just one sib group should be proportionally small when a large number of groups is present, as in the case of 10 groups of 5 individuals each, see Figure 2 (c). Surprisingly, Figure 2 (c) demonstrates that the accuracy-error is reduced disproportionally, showing that the DR algorithm works significantly better if at least one "seed" sib group is supplied. This suggests a new approach which has a potential to resolve the current problem with the widely used KINSHIP 9 program. Using simulations, the program determines the pairwise likelihood ratios (the same ratios are used in the DR algorithm) for the given significance levels but then it is up to the user to manually assign individuals into sib groups based on their pairwise ratios. The problem arises when the same individual is significantly likely to be in the full sibling relationship with a number of individuals from different sib groups. 19 An algorithm similar to the SDR algorithm could accept all sib groups reconstructed by KINSHIP without conflict and then complete the reconstruction using the DR algorithm which, as shown here, becomes significantly more accurate once at least one seed group is supplied. Figure 4 verifies that the SDR algorithm is robust to the mutation errors for skewed family structures. In particular, the accuracy-error SDR results in Figure 3 In conclusion, given a population sample without genotype errors and in the absence of unrelated individuals, the new MS2 algorithm solves the FSR problem to the near-optimal level in speed and accuracy. On the other hand, the presented preliminary 
